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A quirk propagating through a detector is subject to the Lorentz force, a new confining gauge
force, and the frictional force from ionization energy loss. At the LHC, it was found that the
monojet search and the coplanar search were able to constrain such a quirk signal. Inspired by
the coplanar search proposed by S. Knapen et.al. , we develop a new search that also utilizes the
information of the relatively large ionization energy loss inside tracker. Our algorithm has improved
efficiency in finding quirk signals with a wide oscillation amplitude. Because of our trigger strategy,
the Z(→ νν)+jets process overlaid by pileup events is the dominant background. We find that the
∼ 100 fb−1 dataset at the LHC will be able to probe the colored fermion(scalar) quirks with masses
up to 2.1(1.1) TeV, and the color neutral fermion(scalar) quirks with masses up to 450(150) GeV,
respectively.
I. INTRODUCTION
The Large Hadron Collider (LHC) has already col-
lected tremendous data at its Run-1 and Run-2 with the
center of mass energy ranging from 7 TeV to 13 TeV.
However, the traditional analyses failed to find any new
physics signals beyond the standard model (BSM) from
those data. Yet there still exists the possibility that some
new physics processes have been copiously produced at
the LHC without being probed because of their non-
conventional behavior. The long-lived exotic searches
are receiving increased interests at the LHC [2, 3] and
some future facilities [4, 5]. Many BSM scenarios, which
include extra gauge symmetries (such as hidden valley
models [6, 7]), predict exotic signals at the detector,
for example, emerging jet [8], trackless jet [9], and soft
bomb [10], etc. Even though those exotic signals were
overlooked by traditional searches, it does not mean that
they are difficult to probe. In fact, there are already
specific searches designed for emerging jet [11] and dis-
appearing track [12] by the CMS Collaboration. Very
stringent bounds on those signals were obtained because
of the low backgrounds.
Quirks are long-lived exotic particles that are charged
under both the Standard Model (SM) gauge group and
a new confining gauge group. The mass of the lightest
quirk is much larger than the confinement scale (Λ) of
the new gauge group. In this paper, we shall consider the
quirk pair production signals at the LHC [13, 14]. Due to
the confining gauge force, two quirks will start to oscillate
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after production. The typical oscillation amplitude in the
center of mass frame can be estimated as
` = 1cm ×Θ(1 keV
Λ
)2 ×Θ( mQ
100 GeV
) , (I.1)
where mQ is quirk mass. Giving quirk mass around the
electroweak scale, when Λ & O(10) MeV, the confin-
ing gauge force will lead to intensive quirk oscillation.
The quirk pair will lose energy quickly via photon and
hidden glueball radiation. As a result, the quirk pair
annihilates into the SM particles almost promptly( 1
ns). Searches for new resonances in the SM final states
have been proposed to probe such quirk signals [15–19].
For Λ ∈ [10 keV, 10 MeV], the quirk oscillation ampli-
tude is microscopic (undetected by the detector). Mean-
while, the glueball and photon radiations are not frequent
enough so that the quirk pair can be long lived [14]. Since
the quirk pair system is electric neutral, the quirk hits
on the tracker almost lie on a straight line. Those hits
can be reconstructed as a single boosted charged particle
with high ionization energy loss. This signal has been
searched at Tevatron [20]. As for very small Λ . O(10)
eV, the confining force becomes negligible comparing to
the Lorentz force. In this case, the trajectory of each
quirk is still a helix. Such signals will be constrained by
heavy stable charged particle searches at the LHC [21–
23].
This work will focus on the case with Λ ∼ [100 eV-
10 keV], where the oscillation amplitude is macroscopic
and each quirk trajectory can not be simply recon-
structed as a helix. Moreover, the quirk pair can de-
posit only a little energy in the electromagnetic/hadronic
calorimeter (ECal/HCal) within the timescale of 25 ns
(which is the bunch crossing period of the LHC). Both
quirks will be missed by conventional reconstructions in
collider searches and will just behave as missing trans-
verse energy. As a result, the quirk signal can be con-
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2strained only by monojet searches [23–25] when they are
boosted by recoiling against an energetic initial state ra-
diated jet. On the other hand, if the quirk pair is pro-
duced with little kinetic energy, the ECal or HCal is able
to capture the quirk system. The quirk pair will eventu-
ally annihilate inside the calorimeter at some time when
there are no active collisions. [26].
However, the quirk signal (Λ ∼ 1 keV, m ∼ O(100)
GeV) could be more informative than just missing trans-
verse energy. For a boosted quirk pair, the dominant con-
fining force will lead to coplanar trajectories. Searching
for coplanar hits in the tracker can greatly suppress the
backgrounds while maintain very high signal efficiency.
We further develop the coplanar quirk search as pro-
posed in Ref. [1] by adding the information of ionization
energy loss (dE/dx) inside the tracker. The dE/dx of
each cluster generated by the charged particles through-
out the detector can be derived from the cluster charge,
the average energy in creating an electron-hole pair, the
density of silicon, and the thickness of each layer [27].
Our method relies on the fact that quirks leave hits with
relatively larger dE/dx in the tracker than the SM parti-
cles [28]. Aiming to search quirk signals with oscillation
amplitude less than O(1) cm, the parameters in the anal-
ysis of Ref. [1] are chosen such that the time complexity of
their algorithm is O(106). However, this number grows
as `4, with ` given in Eq.(I.1). Using the information
of dE/dx, the coplanar search algorithm can be much
more efficient, especially when the oscillation amplitude
exceeds O(1) cm. We will show later that the time com-
plexity of our algorithm is O(106), which, however, is
insensitive to the quirk oscillation amplitude. Moreover,
we find that the Z(→ νν)+jets process overlaid by pileup
events is the dominant background since the signal is trig-
gered by large missing transverse energy 1.
This paper is organized as follows. In Sec. II, we briefly
discuss the theoretical frameworks for the quirk. Detailed
studies on the equation of motion for quirks will be given
in Sec. III. In Sec. IV, based on Monte Carlo events, we
propose the method to separate the quirk signal from
backgrounds. We draw the conclusion in Sec. V.
II. THE NATURE OF QUIRKS
The color neutral quirks are commonly present in
many BSM models of neutral naturalness [29], which
are proposed to partly solve the little hierarchy prob-
lem [30, 31]. Such models include folded supersymme-
try [32, 33], quirky little Higgs [34], twin Higgs [35–37],
minimal neutral naturalness model [38], and so on, while
other more general BSMs predict quirks that carry strong
1 The Z(→ νν)+jets background is not considered in Ref. [1],
which will lead to overoptimistic results. We will give a more
detailed discussion in the conclusion.
interaction [39]. The quirk can be either a fermion or a
scalar as well.
In this work, we will take the simplified model frame-
works as benchmark. The quantum numbers of the
quirks under SU(NIC) × SUC(3) × SUL(2) × UY (1) are
given as
D˜c = (NIC, 3, 1, 2/3) , (II.1)
E˜c = (NIC, 1, 1,−2) , (II.2)
Dc = (NIC, 3, 1, 2/3) , (II.3)
Ec = (NIC, 1, 1,−2) , (II.4)
where we take NIC = 3 for the infracolor gauge group.
D˜c and E˜c are spin zero particles, while Dc and Ec are
fermions. The electric charges of D˜c/Dc and E˜c/Ec are
1
3 and -1, respectively. However, due to the color con-
finement, one can observe only the quirk-quark bound
state for D˜c and Dc. The probability for the quirk-quark
bound state to have charge ±1 is around 30% [1]. Since
we are interested only in quirk-quark bound states with
nonzero electric charges, in the following, we will simply
refer to the charge ±1 quirk-quark bound state as D˜c or
Dc.
FIG. 1. Production processes of quirks with different repre-
sentations at the LHC.
The quirks can be pair produced at colliders through
SM gauge interaction. The dominant production chan-
nels for different quirks are shown in Fig 1. The colored
fermionic quirk production is given by the first two di-
agrams, while the colored scalar quirk receives an extra
contribution from the third diagram. The color neutral
quirk production is simply given by the Drell-Yan pro-
cesses in the fourth diagram.
We also provide the production cross sections for these
quirks at the 13 TeV LHC in Fig. 2. The quirk pair events
with coplanar trajectories can be triggered by large miss-
ing transverse energy (EmissT & 100 GeV [24]), which is
induced by an energetic initial state radiation (ISR) in
quirk production. So we have imposed the cut pT > 100
GeV on the ISR jet in calculating the cross sections. Be-
cause the scalar quirks have fewer degrees of freedom
than the fermionic quirks and their couplings to gauge
bosons are momentum suppressed, the cross sections of
scalar quirks are typically more than one order of mag-
nitude smaller than those of fermionic quirks, given the
same mass and gauge group representation.
3FIG. 2. The leading-order production cross sections for
different quirks at the 13 TeV LHC. We have also required an
ISR jet with pt(jet) > 100 GeV in production processes.
III. QUIRK EQUATION OF MOTION
The quirk equation of motion (EOM) inside the detec-
tor is given by
∂(mγ~v)
∂t
= ~Fs + ~Fext , (III.1)
~Fs = −Λ2
√
1− ~v2⊥sˆ− Λ2
v‖~v⊥√
1− ~v2⊥
, (III.2)
~Fext = q~v × ~B − 〈dE
dx
〉vˆ , (III.3)
where v‖ = ~v · sˆ and ~v⊥ = ~v − v‖sˆ with sˆ being a unit
vector that points toward the other quirk in the center
of mass frame. ~Fs corresponds to the infracolor force
and is determined by the Nambu-Goto action [40]. ~Fext
represents the external forces, which includes the Lorentz
force and the frictional force from ionization energy loss.
There are several subdominant effects that are not
taken into account in the EOM. A colored quirk is sur-
rounded by a cloud of nonperturbative QCD “brown
muck” [14]. Because of the nonperturbative QCD in-
teraction, every time two quirks cross each other during
the oscillation, a hadron with energy ∼ ΛQCD will be ra-
diated. Similarly, two quirks bound by infracolor string
can emit soft infracolor glueballs with energy roughly of
the order of Λ. At last, the energy loss due to Larmor
radiation is proportional to ∼ √αΛ ∼ 0.1Λ.
A. The dE/dx inside the CMS detector
As a function of velocity in the Bethe-Bloch (BB, βγ &
0.06) and Lindhard-Scharff (LS, βγ . 0.004) regions, the
average ionization energy loss of charged particles is well
predicted by the following equations [41, 42]:
〈dE
dx
(v)LS〉 = A1v, (III.4)
〈dE
dx
(v)BB〉 = A2 q
2
v2
ln
(
A3v
2
1− v2 − v
2
)
, (III.5)
where the coefficients are given by
A1 = (3.1× 10−11 GeV2) ρ
g/cm3
q7/6Z
A(q2/3 + Z2/3)3/2
,
A2 = (6.03× 10−18 GeV2) ρ
g/cm3
Z
A
,
A3 =
102200
Z
,
with the A, Z and ρ corresponding to the relative atomic
mass, atomic number and density of material, respec-
tively. The ionization energy loss function in the region
between LS and BB is interpolated from experimental
data. In a realistic measurement, the fluctuations of the
ionization energy loss will follow Landau-Vavilov distri-
bution in thick sensors [43, 44] and Bichsel distribution in
thin sensors [45, 46]. The thickness of tracking layers in
the CMS detector ranges from 280 to 500 µm [47], so the
energy fluctuation can be well described by the Landau-
Vavilov distribution. In our study, we take a Gaussian
smearing on the 〈dE/dx〉 with the uncertainty about 10%
for simplicity [47].
The CMS detector uses silicon material for the tracker
layers, lead tungstate (PbWO4) for the ECal, copper for
the HCal, and iron for the muon chamber. Taking pa-
rameters of materials from the Particle Data Group [48],
we plot the ionization energy loss function for the quirk
propagating through each of those materials in Fig. 3. It
has to be noted that the detector volume is not fully oc-
cupied. The filling rates for the tracker, ECal and HCal
of the CMS detector are 0.05, 0.33 and 0.88, respectively.
The ionization energy loss functions in the figure should
be rescaled by the corresponding factors in solving the
quirk EOM inside the CMS detector.
B. Numerical solution of the EOM
The tracker records the positions of quirk hits in the
laboratory (lab) frame. However, the dynamics of quirk
pair in the lab frame is much more difficult to describe
than that in the center of mass (c.m.) frame. In the c.m.
frame, the infracolor string is straight. So the direction
of the sˆ for one quirk is simply given by the relative dis-
placement respect to the other quirk. However, the c.m.
frame itself is changing all the time due to the existence
of the ~Fext. Since the ~Fext depends on the velocity of each
quirk, the simultaneity and collineation of the infracolor
force between two quirks in the lab frame no longer per-
sist.
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FIG. 3. The ionization energy loss for charge q = 1 particle
as a function of βγ = v/
√
1− v2 in different materials.
We numerically solve the quirk EOM by Euler’s
method with a small time step. In the lab frame, the
four-momenta of the two quirks are denoted by (Ei, ~Pi),
and the space-time positions are denoted by (ti, ~ri) with
i = 1, 2. In order to ensure the simultaneity in the c.m.
frame, the following condition is required
t1 − t2 = ~β · (~r1 − ~r2) (III.6)
with ~β = (~P1 + ~P2)/(E1 +E2). As a result, the time step
sizes for two quirks i( 1) should satisfy
1[1−~v1 · ~β − ~r1 − ~r2
E1 + E2
· (~F1 − ~v1 · ~F1~β)] =
2[1− ~v2 · ~β − ~r2 − ~r1
E1 + E2
· (~F2 − ~v2 · ~F2~β)], (III.7)
where ~Fi = ~Fs,i + ~Fext,i. ~Fs,i stands for the infracolor
force, and ~Fext,i represents external force of the ith quirk.
~vi is the velocity of quirk in the lab frame.
Then, for two quirks at any (t′i, ~r′i) according with the
relation of Eq. (III.6), sˆ1 and sˆ2 in the lab frame are
given by the unit vectors of
~rs1 = (~r
′
1 − ~r′2)− (t′1 − t′2)~v′1 , (III.8)
~rs2 = (~r
′
2 − ~r′1)− (t′2 − t′1)~v′2 . (III.9)
To control the truncation error in the Euler’s Method,
the time step sizes of two quirks should satisfy
1,2 < 10
−4 ns
mQ
100 GeV
1 keV2
Λ2
. (III.10)
Finally, the time evolution stops when any of the follow-
ing criteria are met
• the evolution time of both quirks is longer than 25
ns, or
• both quirks are propagating outside the HCal.
C. Thickness of the quirk hits plane
The CMS tracker is segmented into cylindrical barrels,
which surround the beam pipe, and end caps on both
sides of the barrels. It consists of two subsystems: the
pixel detector and the strip tracker. The details of the
CMS detector parameters can be found in Ref. [49], and
we illustrate the barrel layers in Fig. 5. In our simulation,
the resolution of the hit positions in the tracker will be
taken as 10 µm.
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FIG. 4. The distributions of the total number of hits for
the quirk system traveling through the CMS tracker (upper).
The distributions of the reconstructed thickness of the quirk
pair plane (lower).
The charged quirks will leave a number of hits in the
tracker, from which we can reconstruct the thickness of
the quirk pair plane. In the upper panel in Fig. 4, we plot
the distributions for the number of hits of the quirk pair
with different confinement scales Λ = 200 eV, 600 eV,
and 2 keV. In the figure, we have chosen the quirk mass
mQ = 100 GeV and the transverse momentum of quirk
pair pT > 100 GeV. We can find that the number of
hits is weakly related to the confinement scale. Most of
the events have 26 hits in the tracker because the quirk
5pair with large transverse momenta can go through all
13 barrel layers. There is also a great possibility that
the quirk system leaves more than 26 hits inside tracker,
when the quirk travels into end cap layers or the quirk
crosses the same layer more than once.
Given a set of hit positions ~hi (i = 1, 2, . . . , N), we can
define
d(~n) =
√√√√ 1
N − 1
N∑
i=1
(~n · ~hi)2 (III.11)
to describe the average distance between the hits and a
virtual plane ~n, which also includes the primary vertex.
The ~n that gives the smallest d(~n) (denoted by dmin)
corresponds to the normal vector of the quirk plane.
The thickness of the quirk plane is induced by the ~n-
component of the Lorentz force, so it can be estimated
as [50]
dmin ∼ 1.16
( m
100 GeV
)(keV
Λ
)4( |q|
e
)(
Bxy
T
)
µm,
(III.12)
where Bxy = | ~B − ( ~B · ~n)~n|.
The thickness of the quirk plane can also be calcu-
lated by the algorithm proposed in Ref. [1], which is sim-
plified to an eigenvalue problem. We have verified that
the thickness calculated from this method matches well
with our estimation in Eq. (III.12). In the lower panel
in Fig. 4, we plot the distributions of the quirk plane
thickness, varying both the quirk mass and the confine-
ment scale. As before, the quirk pair is required to have
pT > 100 GeV in the event simulation. It is clear that
the dependence on the confinement scale is much stronger
than the dependence on quirk mass. We can also observe
that for Λ ∈ [O(100) eV,O(1) keV], most of the events
have a quirk plane thickness smaller than ∼ O(100) µm.
In what follows, we will focus on the case with confine-
ment scale ∼ keV. 2
IV. SIGNAL AND BACKGROUND ANALYSES
AT THE 13 TEV LHC
In the Monte Carlo simulation of event samples, the
simplified models for four different quirks are imple-
mented in FeynRules [51]. The general purpose event
generation framework MG5_aMC@NLO [52] is used
to simulate the quirk production processes with the
model file provided by FeynRules. Then the built-in
Pythia8 [53] is used for implementing the parton shower,
hadronization and decay of the SM particles. However,
2 Even though our quirk signal selection algorithm is applicable to
a wide range of Λ, some parameters in the algorithm discussed
below are optimized on the case with Λ ∼ 1 keV.
the QCD parton shower as well as the hadronization of
the colored quirk is neglected for simplicity.
Because the missing transverse energy trigger is
adopted in the quirk search, the dominant background
is the Z(→ νν)+jets process. In generating the Z(→
νν)+jets events, we require the transverse momentum of
the Z boson to be pT (Z) > 200 GeV. This is conser-
vative, since a much stronger cut will be applied in the
later analysis. The MLM prescription [54] is used for
matching of matrix element (up to two jets) with parton
showers. The events with exactly one jet in the final state
are selected as in the monojet search. We also consider
the background process of Z(→ νν)e+e−+ jet as pointed
out in Ref. [1], with pT (Z) > 100 GeV and pT (e) > 1
GeV. The production cross sections for Z(→ νν)+jet
and Z(→ νν)e+e−+ jet after applying preliminary pT
cuts are 3.6 pb and 13.95 fb, respectively. Note that the
W (→ `ν)+jet process can have relatively large missing
transverse energy as well. However, this process can be
suppressed by vetoing events that contain either an elec-
tron or muon or a reconstructed τ . Only W (→ `ν)+jet
events with missing lepton andW (→ τν)+jet events with
the hadronically decaying τ being mis-tagged as a QCD
jet can survive. Its rate is much smaller than the rate of
Z(→ νν)+jets event, so we will not consider this back-
ground.
The trajectory of a charged SM particle in the tracker
is a helix, which is determined by the initial momentum
of the particle. The hits of the particle can be obtained
by calculating the intersecting points between the helix
and the tracking layers. As for quirks, after solving the
EOM numerically as discussed in Sec. III, we illustrate
their trajectories inside the CMS tracker in Fig. 5. In all
three panels, the quirk masses and initial momenta are
fixed to the same values, while the confinement scales are
chosen to be 1 eV, 1 keV and 2 keV, respectively.
Before moving on to designing the quirk search
method, we discuss a few features of the quirk’s motion
in the detector. The duration of a quirk traveling inside
the detector is proportional to the inverse of transverse
velocity vT of the quirk pair system. The distribution of
vT is shown in the upper panel in Fig. 6. Even though
each quirk can have velocity & 0.5, the quirk pair sys-
tem is moving slowly with vT ∼ 0.1, especially when the
quirk is heavy. As a result, the quirk system can escape
the tracker within 10− 20 ns (given the CMS detector).
While the quirk is traveling in the calorimeter, it will
lose energy by ionization 3. According to our simulation,
given Λ ∼ O(1) keV, mQ ∼ O(100) GeV, and transverse
momentum of the quirk pair pT > 100 GeV, the total
energy losses inside the ECal and HCal are around 1 and
4 GeV, respectively, as shown in the lower panel of the
3 The energy lost through hadronic interactions with the detec-
tor is much smaller than energy lost through electromagnetic
ionization [55]. We will not consider this contribution in our
simulation.
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FIG. 5. Trajectories of two quirks inside the CMS tracker, with the confinement scale chosen as 1 eV, 1 keV and 2 keV (from left
to right). The quirk system in different panels have common initial momentum and the quirk mass is 100 GeV. The cylinder
segments indicate the barrel layers.
Fig. 6. It should be noted that we count only the energy
deposition within the colliding period of 25 ns. According
to our simulation, there are O(10)% (& 50%) of quirks
that cannot reach the ECal (HCal) of the CMS detector
within 25 ns. Most of the quirk pairs are still propagating
in the HCal after 25 ns.
A. Pileup simulation
During a bunch crossing period at the LHC, there
are multiple proton-proton collisions (referred as pileup),
which are dominated by the nondiffractive events (the
sample is referred as the minimum bias) with small trans-
verse momenta transfer. Pythia8 [53] adopts pertur-
bative parton shower, Lund-string hadronization, mul-
tiple parton interaction and colour reconnection models
to simulate the minimum bias. However, those models
contain many parameters, which can only be deducted
from experimental data. The set of chosen parameters
is referred as Pythia tunes [56]. The A3 tune with phe-
nomenological parameters provided in Refs. [57, 58] is
taken in our simulation of pileup events, because it is
found to provide a good agreement with the charged par-
ticle distributions at the ATLAS detector.
The number of pileup events per bunch crossing at the
LHC follows Poisson distribution with an average value
around 〈µ〉 ∼ 30− 50. They will give O(104) hits inside
the tracker, and, thus become the main background in
our analysis. In our simulation, both signal and back-
ground events are overlaid by 〈µ〉 = 50 pileup events in
order to draw a conservative conclusion. Moreover, due
to the finite size of the beam spot, the interaction points
of the pileup events could be spread along the z direction.
We will assume the z coordinate of the interaction points
follows a Gaussian distribution with a width of 45 mm.
The hits caused by pileup events can be obtained by
the same method as has been used for the Z+jets back-
ground, i.e., intersecting the helix trajectories of the
charged particles with the CMS tracking layers.
B. Quirk signal selections
In this section, we will propose a dedicated algorithm
to separate the quirk hits from the SM particle hits. In
the following discussion, the quirk refers to the D˜c and
Λ = 1 keV, even though our algorithm is also applicable
to quirks with different quantum numbers and different
values of Λ.
In searching for the quirk signals, we should first find
the plane that quirks move on based on the recorded hits
inside the tracker.
A. First, the hits with dE/dx smaller than 3.0
MeV/cm are removed to reduce the number of
background hits. The quirk hits are kept intact
at this stage. The remaining hits are classified ac-
cording to the dE/dx. For each class, the average
dE/dx is defined as(
dE
dx
)a
avg
=
1
Na
Σi=Nai=1
(
dE
dx
)
i
(IV.1)
where Na is the number of hits in the ath class.
We loop over all the hits. A hit is assigned to the
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FIG. 6. The distributions of transverse velocity of the quirk
pair system (upper panel). The distributions of energy loss
of the quirk pair in the ECal and HCal (lower panel). Three
different masses of quirk have been chosen for presentation.
The quirk pair is required to have pT > 100 GeV in the event
simulation.
class a if | (dEdx )this hit − (dEdx )aavg | < 1.0 MeV/cm.
Otherwise, a new class is created and the hit is put
into it.
After the hit classification, the classes with fewer
than 80 hits 4 will be used directly in step B. On
the other hand, in classes with more than 80 hits,
the sets of hits which belong to helix trajectories are
removed. This step is found to be very useful for
pileup hit removal. In practice, we will try to recon-
struct the circles in the transverse plane instead of
reconstructing the true helixes. The location of the
center of the circle (COC) in the transverse plane
4 The number of 80 is chosen such that the hits from quirk are
kept as much as possible, while maintaining an affordable time
consumption.
for any two hits (plus the origin) is given by
x0 =
1
2 (k1 − k2)
[
k1x2
(
1 + k22
)− k2x1 (1 + k21)] ,
y0 = −x0
k1
+
x1
2k1
+
y1
2
,
where k1 = y1/x1 and k2 = y2/x2. x1, y1 and x2, y2
are x-y coordinates of the two hits. In each itera-
tion, we pick out 80× 80 pairs of hits in each class
randomly (even in the class with a number of hits
much larger than 80). After calculating the posi-
tion of the COC and the radius for each hit pair, the
list of the selected hit pairs in each class is sorted by
the size of the radius 5. Then, we compare the posi-
tion of the COC and the radii of the adjacent hits.
If the distance between the two COCs is smaller
than 0.5 cm and the difference between the two
radii is smaller than 0.1 cm 6, the two pairs of hits
are considered to be induced by the same SM par-
ticle. Subsequently, all of the hits that lie on the
circle will be removed from the class. The itera-
tion continues until the total number of hits in all
classes is less than 1500.
〈1〉 〈2〉 〈3〉 〈4〉 〈1500〉
mQ = 200 GeV 0.965 0.590 0.5010 0.443 0.903
mQ = 500 GeV 0.933 0.356 0.307 0.278 0.899
mQ = 800 GeV 0.910 0.372 0.316 0.276 0.871
Background 0.167 0.064 0.055 0.049 0.153
TABLE I. The average signal and background reduction ef-
ficiencies at the ith iteration. The last column is the average
reduction efficiencies when the remaining number of hits goes
below 1500.
In Table I, we list the average reduction efficien-
cies after ith iterations 〈i〉 and the average reduc-
tion efficiencies when the remaining number of hits
is less than 1500 〈1500〉. The reduction efficien-
cies for the quirk and background are defined as
the ratio between the number of quirk(background)
hits after the removal and the total number of
quirk(background) hits. The 〈i〉 is obtained by
averaging all events. We can see that one iteration
can already reduce the number of hits to close to
1500 in both quirk and background events.
B. Second, we should calculate the normal vector of
the virtual quirk plane based on the hits after the
selections in step A, which include all the hits in hit
classes with fewer than 80 hits and the remaining
hits in the hit classes with 80 hits or more. As-
suming the origin is contained in the quirk plane,
5 The time complexity is nclass ×O(n log 2n) ∼ O(106).
6 Considering the the trajectories are a slightly distorted arc of
helices due to experimental effects [59].
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FIG. 7. The distributions for the number of hits within
d < 30 µm of the quirk plane (upper), and the distance-
weighted ionization energy loss Sp (lower).
the plane normal vector can be determined for any
two hits: ~n = 〈~r1 × ~r2〉, where ~r1 and ~r2 are the
coordinates of the two hits. For a given plane, the
distance of a new hit (~ri) to the plane is di = |~ri×~n|.
Our choice of Λ = 1 keV leads to a typical plane
thickness of ∼ O(10−5) m. So we count the num-
ber of hits that are within a distance of 30 µm
to the plane. The plane 7 with the largest num-
ber of counted hits is kept and will be regarded as
the quirk plane. In the upper panel in Fig. 7, we
plot the distributions of the number of hits (Nleft)
within the quirk plane (d < 30 µm) for signals with
different quirk masses as well as the background.
We can observe that the signals tend to have much
larger number of hits than the background. More-
over, the cutoff at Nleft = 26 is attributed to the
fact that two quirks go through all 13 barrel layers
of the CMS tracker, leaving 26 hits in total.
C. Third, based on the reconstructed quirk plane (with
7 Since there are ∼ 20 quirk hits out of 1500 hits, O(1000) tries
are already able to find the quirk plane. Here we choose to scan
over 105 randomly selected hit pairs.
normal vector ~np), we can define two important
variables for further signal and background discrim-
ination. The distance-weighted ionization energy
loss is defined as
Sp =
∑
i
e−di/d0 ×
(
dE
dx
)
i
, (IV.2)
where i runs over all remaining hits after step A
and d0 = 30 µm. Furthermore, the variation of the
Sp
∆p = max
∆θ(~np,~np′ )<pi/12
|Sp − Sp′|
Sp
(IV.3)
can also be useful for signal identification. Here, the
Sp′ is also calculated by Eq.(IV.2), but the direction
of the reference plane is varying within an angle of
pi
12 around ~np. The distributions of Sp for signals
and background are shown in the lower panel in
Fig. 7. Because of the large ionization energy loss
of the quirk, the signals have significantly harder
Sp spectra than the background.
Finally, as we have discussed in Sec. IV, the large miss-
ing transverse energy (EmissT ) is also an important feature
of the quirk signal, so we propose the following cuts for
the quirk search at the LHC:
1. EmissT ≥ 500 GeV,
2. ∆p ≥ 0.8,
3. Sp ≥ 50 MeV/cm, and
4. Nleft ≥ 10.
The cut flow of several quirk signals and backgrounds are
given in Table II, where we can find that the EmissT cut
and Sp cut play the most important roles. 8.
Quirk mass
Zeej Z+jets200 GeV 400 GeV 800 GeV
σ [fb] 33230 1484 29.92 13.95 3600
EmissT ≥ 500 GeV 984 76.7 2.20 0.02 84.5
∆p ≥ 0.8 910 72.6 2.09 0.018 72.5
Sp ≥ 50 MeV/cm 429 33.6 1.21 ∼ 0 0.51
Nleft ≥ 10 413 28.9 1.01 ∼ 0 0.12
TABLE II. Cut flows of our analysis for the colored scalar
quirk D˜c pair productions and for the SM background pro-
cesses. Three different masses of quirk have been chosen for
illustration. The numbers in the table correspond to the cross
sections (in femtobarns) at the 13 TeV LHC.
In Fig. 8, we plot the 95% confidence level (C.L.) ex-
clusion limits for quirks with different quantum numbers
8 The lepton veto does not affect the results
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FIG. 8. The 95% C.L. exclusion limits for quirks with dif-
ferent quantum numbers at 13 TeV LHC.
at 13 TeV LHC. The search sensitivities for quirks with
different quantum numbers are significantly different, at-
tributed to two facts. Most importantly, the production
cross sections of quirks are quite different as shown in
Fig. 2. Moreover, quirks with different quantum num-
bers have different production channels, which lead to
different quirk momentum distributions. The integrated
luminosity at the LHC run 2 is ∼ 100 fb−1. It means the
colored fermion(scalar) quirks with masses up to 2.1(1.1)
TeV, and color neutral fermion(scalar) quirks with masses
up to 450(150) GeV can be possibly probed or excluded.
V. CONCLUSION
The quirk widely exists in new physics models with
extra gauge symmetries. The color neutral quirk is well
motivated by the neutral naturalness model which can
solve the little hierarchy problem. We consider a simpli-
fied model framework for quirks with different quantum
numbers and study their discovery prospects at the LHC.
The quirk equation of motion inside the detector is
mainly controlled by the Lorentz force and the long-range
infracolor force as well as the frictional force from ion-
ization energy loss. In quirk pair production, the in-
fracolor forces between two quirks are correlated, lead-
ing to a coupled system of nonlinear partial differential
equations. It can be solved numerically in the limit that
the infracolor force is much larger than the other exter-
nal forces, such that the string connecting two quirks is
approximately straight in the quirk pair center of mass
frame. We numerically solved the full EOM for the
quirk system, taking into account the architecture of
the CMS detector. For the parameter space of inter-
est [i.e. Λ ∼ O(100 − 1000) eV, mQ ∼ O(100) GeV and
pT (QQ¯) & 100 GeV], most of the quirk pairs can leave
total number of ∼ 26 hits inside the tracker. Those hits
lie on the plane with thickness . O(100) µm. Meanwhile,
there will beO(10)% (& 50%) of quirks that cannot reach
the ECal (HCal) of the CMS detector within 25 ns (the
LHC bunch spacing). The total energy losses of quirks
in both the ECal and HCal within this time interval are
found to be small (. 5 GeV).
The main background in the quirk search is the SM
Z(→ νν)+jets process overlaid by abundant pileup
events (we take 〈µ〉 = 50). We propose a dedicated hit
reduction algorithm to remove the SM particle hits while
keeping the quirk hits as much as possible. The quirk
plane is reconstructed for each event based on the se-
lected hits. Subsequently, three discriminative variables
can be defined: the number of remaining hits within a dis-
tance of 30 µm to the quirk plane, the distance-weighted
ionization energy loss in the tracker, and the variation of
the Sp. Together with the missing transverse energy, they
can provide a very sensitive probe for the quirk signal.
With the parameters in the search optimized on the case
with Λ ∼ 1 keV, we find that the ∼ 100 fb−1 dataset at
the LHC will be able to probe the colored fermion(scalar)
quirks with masses up to 2.1(1.1) TeV, and color neutral
fermion/scalar quirks with masses up to 450(150) GeV,
respectively.
Compared to the results in Ref. [1], where it predicts
that the 300 fb−1 dataset is able to probe the Dc (with
NIC = 2) lighter than 1.5 TeV and the Ec (with NIC = 2)
lighter than 500 GeV, the corresponding bounds for the
two quirks in our analysis are 2.1 TeV and 400 GeV, re-
spectively. There is a substantial improvement of the
search sensitivity in the heavy quirk region (mQ & 1
TeV). On the other hand, due to the stringent EmissT cut
in our analysis, the sensitivity in the light quirk region
is reduced. Some cuts in our analysis should be adjusted
accordingly, if one aims to search for a color neutral
quirk. Moreover, the Z(→ νν)+jets background is not
considered in Ref. [1], which leads to overoptimistic re-
sults. We reproduce their analysis 9 and apply it to the
Z(→ νν)+jets (overlaid by pileup events) background.
We find that the efficiency for reconstructing the quirk
plane that contains at least one hit in each layer in the
background events is∼ 10−4. This value is close to the ef-
ficiency of pileup background as given in Ref. [1]. In fact,
this efficiency is dominated by the probability of finding
five coplanar hits in three outer layers [up to step 2(a)
in the reference], which is ∼ 10−3. Background events
with five such coplanar hits usually include two charged
particles flying in a similar direction. It will not be diffi-
cult to have their hits lying on a narrow strip if these two
particles are energetic. Following their analysis, we find
the efficiency of requiring “all but one layer must contain
two hits” is ∼ 10−2. After the final selection, the cross
section of Z(→ νν)+jets (overlaid by pileup events) is
9 In Ref. [1], they assume 8 layers for the ATLAS tracker. We use
the actual ATLAS tracker which has 3 layer for the pixel detector
and 4 layers for the silicon-strip detector.
10
∼ 10−2 fb, which cannot be neglected. A more detailed
comparison of the sensitivities of two methods is given in
the Appendix A.
Finally, let us give more comments on the ionization
energy loss of quirks in the tracker. Each quirk accel-
erates and decelerates along its trajectory through the
detector, while the quirk pair system is moving steadily
with β ∼ 0.1. During the oscillation, the quirk takes
longer time in slower state. So there is a greater probabil-
ity that the quirk crosses the tracking layers with smaller
velocity, thus inducing higher ionization energy loss. It
should be noted that the pattern of the ionization energy
loss in different layers could be helpful for further signal
and background separation [60] as well as quirk property
characterization. We leave this for future work.
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Appendix A: Comparison of sensitivities
To make a comparison between the sensitivity of our
method and the one proposed in Ref. [1], we apply both
methods to two fermionic quirks Dc and Ec , with NIC =
2 (same as in the Ref. [1]). In reproducing the analysis of
the Ref. [1], the fiducial efficiency and the reconstruction
efficiency for quirk signals are taken as 0.28 and 0.1 for
simplicity. We will calculate the leading order production
cross section of quirk signal after the trigger (pT > 200
GeV) by using MG5_aMC@NLO. The cross section of
the Z(→ νν)+jets background after all of the selections
is taken as 10−2 fb.
The 95% C.L exclusion limits for Dc and Ec obtained
from three different methods are shown in the upper
panel of the Fig. 9:
• Our method with all of the backgrounds (black
lines).
• The method proposed in Ref. [1] without consider-
ing the Z(→ νν)+jets background (red lines, they
are presented for validation).
• The method proposed in Ref. [1] with the Z(→
νν)+jets background (yellow lines).
When the background of Z(→ νν)+jets is considered,
our method shows better sensitivities for both Dc and
Ec: the limits are reinforced by about 100-200 GeV and
O(10) GeV for Dc and Ec, respectively.
There are two points that need to be clarified: (1) our
result for the Ec quirk coincides well with that in the
Ref. [1], i.e. without considering the Zjj background,
300 fb−1 dataset can exclude the Ec quirk with mass
below 500 GeV. (2) the bound of Dc which we reproduce
is much stronger than that in the Ref. [1], i.e. at 300
fb−1, the bound is 1500 GeV in the Ref. [1], while it
is 2050 GeV in our simulation (without considering the
Zjj background). This deviation may be attributed to
the incorrect cross section that is used in the Ref. [1] for
the Dc. In the lower panel of the Fig. 9, we provide the
leading order cross section (calculated by MG5) for quirks
either with or without associating jet. We can find that
the trigger efficiency (pT (j) >200 GeV) for Ec production
process is 0.1, which coincides with the number in the
Table I of the Ref. [1]. However, for Dc, Ref. [1] finds the
trigger efficiency is 0.24 and our result shows that the
cross section of pp → DcDcj is even larger than that of
pp → DcDc for mDc > 500 GeV (which means K-factor
is greater than 2).
0 50 100 150 200 250 300
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
Dc (3,1)2/3, NIC=2
Bound from our analysis
Bound in Ref.[1] w/o Zjj bkg
Bound in Ref.[1] with Zjj bkg
0 50 100 150 200 250 300
Integrated Luminosity  [fb−1 ]
50
100
150
200
250
300
350
400
450
500
Q
u
ir
k 
M
a
ss
 [
G
e
V
]
Ec (1,1)−2, NIC=2
Bound from our analysis
Bound in Ref.[1] w/o Zjj bkg
Bound in Ref.[1] with Zjj bkg
0 500 1000 1500 2000
Quirk Mass [GeV]
10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
107
108
C
ro
ss
 S
e
ct
io
n
 [
fb
]
Dc¯DcDc¯Dc j, pT (j)>200 GeVEc E¯c
Ec E¯c j,   pT (j)>200 GeV
FIG. 9. Upper: The 95% confident level exclusion bounds
for two different fermionic quirks, from our analysis (black
line), from the analysis in the Ref.[1] with (yellow line) and
without (red line) considering the Zjj background. Lower:
the leading order production cross sections of quirk pair with
and without associating jet at the 13 TeV LHC. The jet is
required to have pT >200 GeV.
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